Abstract-Minimally invasive robotic surgery combines the advantageous non-invasiveness of minimally invasive surgery with the positive aspects of precision technology, which is why innovative and cost effective designs are constantly being developed in this field. This paper presents the design of a joystick-type user interface for the master-slave control of an existing seven degree of freedom surgical robot. The slave system (7 DOF) had to be controlled with one hand of the surgeon, since ultimately the system would have two slave arms, each controlled by its own joystick. This raised the issue of designing a joystick that allows unhindered intuitive movement of the slave system. Experimental results of the joystick show, through subject tests, that operating the system is quick to learn.
I.INTRODUCTION

A. Literature
Minimally invasive surgery (MIS) allows surgeons to operate on patients without having to make the large incisions that are necessary with conventional surgical methods. The small incision size contributes to several positive factors: improved survival statistics, fewer post-surgical complications, shortening of the patient recovery period and a quicker return to normal life [1] .
Minimally invasive robotic surgery (MIRS) ensures enhanced dexterity, more degrees of freedom for tool movement, better visual feedback to the surgeon (by using cameras) and ultimately positive improvements in all of the advantages provided by MIS. Methods of motion scaling, tremor filtering and precise movement translation (which effectively avoids the reverse-fulcrum-induced movements of normal MIS) [2] are actively used in surgical robot systems to increase accuracy.
For master or user interface design of a MIRS system, literature reveals the prevalence of three main types:
• designs incorporating currently used MIS tools as the master input device [3] , • designs where the master functionally resembles the robotic slave for every degree of freedom (DOF) [4] ,
• designs that are independent from and not restricted by the slave, with enough degrees of freedom to provide accurate control [5] . Studies have also shown drawbacks when haptic feedback is absent from the user interfaces [6] , which is why several MIRS systems include haptic devices in their master-slave designs [3] [7] .
In this paper, a master manipulator is designed for an existing seven DOF surgical robot. The design is of the third type mentioned above, and excludes haptic feedback, since the aim is to develop a low cost system.
B. The slave
The existing slave consists of two parts: the primary slave manipulator (PSM) [8] and the secondary slave manipulator (SSM) [9] , both shown below in Fig. 1 . The PSM has a typical spherical wrist design (three revolute joints in a specific configuration [10] ) with an added gripper, which constitutes its fourth DOF. The SSM consists of three joints, with a revolute-revolute-prismatic configuration, that form the three base degrees of freedom of the slave manipulator.
II. METHODOLOGY
A. Requirements
The master design had to satisfy several requirements. They are listed below:
• The user interface should provide an unhindered movement space of 30 cm x 30 cm x 30 cm, allowing a recommended downscaling factor of 3:1 [11] .
• The encoders should be small and lightweight, preferably custom solutions rather than bulky commercial encoders.
• The design should allow a 'safe space' volume of 10 cm x 10 cm x 10 cm for the movement of the slave robot end effector.
• It must be possible to actuate the joystick, or master, joints separately from each other, while keeping the applicable joints stationary. This is to enable direct 'DOF to DOF' control of the PSM motors.
• A safety switch should be incorporated with the following requirements: when pressed, the joystick should be able to control the slave's movement; when released, the slave should not execute any movement occurring at the joystick side.
• Minimal mass should be carried by the operator while operating the joystick.
• The movement of the joystick's end effector should directly be translated to the movement of the robot end effector, taking the scaling factor into account, thus making its use more intuitive.
• Detailed knowledge of how the joystick is designed and how it functions should not be a prerequisite to being able to operate it.
• The joystick must be operated by one hand.
B. Master design
The joystick was designed to have six revolute joints that form a kinematic chain hanging down from the base frame. It is shown in Fig. 2 . Aluminium sheet metal was used for the 400 mm high frame and all other manufactured parts, in order to keep the mass minimal while conserving system rigidity.
The basic functional unit of the joystick, the joint, has a standard design (shown in Fig. 3 ) which is used for every DOF of the master. The link forms the base part of the assembly and two bearing blocks are bolted to the link, with the rotating shaft inserted through the bearings. The end of each shaft serves as the fixing place for the next joint in the kinematic chain; at the end of the sixth joint's shaft, the gripper part is fixed. The gripper part was designed to be held by the surgeon. It contains two pushbuttons that have to be pressed simultaneously in order to actuate the slave's gripper, as well as a safety switch that satisfies the movement translation requirement mentioned above.
To allow individual joints to be operated separately, or to hold the position of the joystick stationary at any time, an electromagnetic brake was included in each joint design.
Finally, the joint features a fixed printed circuit board (PCB) holder which holds the movement tracking circuitry for each joint. A 10 bit rotary magnetic encoder chip, along with the accompanying magnet, was incorporated. The magnet is fixed to the end of the shaft and the encoder chip, sensing the rotation, produces 1024 pulse outputs per revolution on two quadrature output lines.
C. Master and slave modeling
Both the master and slave systems were modeled according to the Denavit-Hartenberg convention as presented by Spong et al. [10] . The resulting models are shown in Fig. 4 and Fig. 5 respectively. In these models, an o i x i y i z i coordinate system is defined for each DOF, while the link length (a i ) and link twist ( i ) are constants determined by the physical aspects of the master and slave links. The joint variables are i for the rotational joints and d i for the prismatic joints.
D. Master-slave control
Control was executed at a rate of 50 Hz by two Arduino Mega 2560 control boards, one each for the master and slave. A direct serial communication line was established between master and slave at a baud rate of 9600 bits/s.
The joystick and surgical robot joints were zeroed to produce known encoder values for the joint variables according to the models of Fig.4 and Fig.5 . The forward kinematic equations for the joystick were then calculated to produce independent transformation matrices applicable to each reference frame (A i ) and transformations matrices of one reference frame in terms of another (T i ). They are indicated in Eq. 1 and Eq. 2 below [10] .
(1) (2) o to be calculated according to Eq. 2. These quantities gave the position and orientation of the joystick's end effector with respect to its base reference frame. To enable direct movement translation from the master to slave, the joystick and robot working volumes (o J x J y J z J and o R x R y R z R respectively) were created and orientated identically, as shown in Fig. 6 . The position and orientation in the joystick's base reference frame were transformed to the same entities in the o J x J y J z J reference frame, which were then scaled down to find the required position and orientation of the robot end effector in the o R x R y R z R reference frame. Inverse kinematic equations [10] were then applied to the known values in order to find the required joint variables of the slave.
Eq. 3 through Eq. 9 were used to find the required position (X, Y, Z) in the slave's base reference frame, while Eq. 10 through Eq. 12 determined the required orientation (R 6 ) in the same frame. The inverse kinematic decoupling process (whereby the slave joints are mathematically decoupled into a spherical wrist and three base joints) was followed as prescribed by Spong et al. [10] .
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The values of (X, Y, Z) j0 and (X, Y, Z) r0 in the equations above refer to the respective distances from the origins of the joystick and robot base frames to the origins of the joystick and robot working volume frames. The (X, Y, Z) r0 values stay constant throughout operation and were chosen to position the robot working volume directly beneath the virtual fulcrum point denoted by o 1 in Fig. 6 .
The (X, Y, Z) j0 values for the joystick, however, changed constantly due to the specific implementation of the safety button functionality. To keep the robot stationary while the safety switch is released and to move the robot from that precise stationary point when the safety switch is pressed, a new algorithm was developed. It keeps the joystick working volume locked to the joystick's end effector while the safety switch is pressed and it locks the joystick working volume with respect to the base frame while the switch is released. This implies that movement inside the joystick working volume (which directly translates to the movement inside the robot working volume) is only registered when the safety switch is pressed. No precedent of such an algorithm was found in literature and as such it was declared a novel aspect.
Further aspects for control included the addition of pushbuttons to enable switching the individual master joint brakes on or off at any time, to enable zeroing of the slave at any time and to enable switching between two main operation modes. In the first operating mode, all seven joints can be controlled. The second mode, keeps the first three fixed and allows only movement of the joints on the PSM. This is for more precise control of the end effector during surgery.
III. RESULTS
Tests were conducted to determine how well the master could control the slave's movement (i.e. movement control tests) to and from specific points within the robot working volume. These tests also served to determine the intuitiveness level of the user interface (i.e. intuitiveness tests) and to provide technical specification of the master system.
A. Experimental procedure
A simple PCB with two tactile switches, each with a 10 mm x 10 mm pad, and two indicator LEDs was constructed and placed within the robot working volume, while the robot end effector was also positioned at its starting position (as per Operation mode 1) in the working volume. At this point, the robot end effector was 70 mm from the first switch pad, with a distance of 130 mm between the two switch pads (see Fig. 7 ). For all tests, the same basic procedure was executed: the slave was zeroed and moved to its Operation mode 1 starting position; the joystick was used to move the robot end effector to the first switch pad and, when the LED flashed, Time_1 was documented as the duration of execution for this movement; the joystick was used to move the robot end effector to the second switch pad and, when the LED flashed, Time_2 was documented as the duration of execution for this movement. Fig. 8(a) -(c) demonstrate these three parts of the procedure.
This procedure was executed 20 times by the designer of the joystick to provide expert data for the movement control tests. For the intuitiveness tests, four random subjects that have no experience with this or other similar master-slave controllers were each given a 5-minute introduction on the functioning of the joystick and the specifics of movement control, which included the working volume orientation and the safety switch. The subjects were also allowed a 5-minute practicing period to get accustomed to how the joystick operates. After this, a set of five tests were conducted by each subject, using the same method as explained above and again documenting Time_1 and Time_2.
B. Testing results
The results from the one set of 20 movement control tests and from the four sets of 5 intuitiveness tests are shown in Fig. 9 through Fig. 11 . Fig. 9 shows Time_1 and Time_2 data for all 20 movement control tests, with the Time_1 average (7.93 s) indicated by the blue line and the Time_2 average (14.15 s) indicated by the red line. For each test the two switches were pressed successfully, indicating successful movement control tests. Fig. 10 shows the Time_1 data for the four sets of intuitiveness subject tests, as well as the subject average of 8.15 s and the expert average for Time_1 taken from Fig. 9 . Similarly, Fig. 11 shows the Time_2 data for the four sets of intuitiveness subject tests, as well as the subject average of 15.6 s and the expert average for Time_2 taken from Fig. 9 .
These subject averages compare very well with the respective expert averages of 7.93 s and 14.15 s from the . Time_2 data for the four sets of intuitiveness subject tests movement control tests, which points to an intuitive system. With little knowledge of the joystick, only a short introduction and minimal practice, the subjects executed movement control and sometimes even outperformed the expert.
Subject feedback included the following: the joystick is easy to operate, the movement scale from joystick to robot is well defined and the safety button functionality is effective.
IV. CONCLUSION
The joystick was designed to be held and controlled by its gripper part, from where versatile and intuitive movement is possible. The safety switch functionality allows the operator to control when and how movement is translated to the robot end effector. The unhindered 30 cm x 30 cm x 30 cm movement space allows a downscaling factor of 3:1 from master to slave, providing a 10 cm x 10 cm x 10 cm safe movement space at the robot working volume.
Successful point to point movement control of the slave was demonstrated and intuitiveness tests revealed a userfriendly system that is easy to operate and puts minimal weight on the operator's hand. Future work will have to be executed to correct the design errors of the SSM and PSM in order to demonstrate full position and orientation control of all the slave's joints by the master. For this, the safety switch algorithm will have to be adjusted to also account for orientation shifts.
